Blueberry was enzymatically hydrolyzed using selected commercial food grade carbohydrases (AMG, Celluclast, Termamyl, Ultraflo and Viscozyme) and proteases (Alcalase, Flavourzyme, Kojizyme, Neutrase and Protamex) to obtain water soluble compounds, and their protective effect was investigated against H2O2-induced damage in Chinese hamster lung fibroblast cell line (V79-4) via various published methods. Both AMG and Alcalase hydrolysates showed higher total phenolic content as well as higher cell viability and ROS scavenging activities, and hence, selected for further antioxidant assays. Both AMG and Alcalase hydrolysates also showed higher protective effects against lipid peroxidation, DNA damage and apoptotic body formation in a dose-dependent fashion. Thus, the results indicated that water soluble compounds obtained by enzymatic hydrolysis of blueberry possess good antioxidant activity against H2O2-induced cell damage in vitro.
Introduction 2)
Oxygen is essential for metabolic processes in the body. However, oxygen derived free radicals known as reactive oxygen species (ROS) are reported to exert detrimental effects, such as membrane lipid peroxidation, alteration of lipid-protein interactions, enzyme inactivations, and DNA breakage [1] . ROS have been implicated in initiating, accompanying or causing pathogenesis of many diseases [2] . The abnormalities in the configuration of lipid compounds may cause the overproduction of ROS. Antioxidant enzyme activities and lipid peroxidation were increased consequences of those reactions which may be related to the pathophysiology of depression [3] . Further, H2O2 is thought to be the major precursor of highly reactive free radicals such as hydroxyl radicals (HO . ), which has been reported to induce apoptosis in the cells of the central nervous system [4] .
A great deal of interest has been increased on plant research during last decade all over the world, and a large body of evidence has revealed the immense potential of plants used in traditional medicinal treatment. Various medicinal plants have been identified and studied for their potential to be used as medicinal formulations in pharmacology [5] . Chemoprevention has been referred to the prevention of cancer via specific constituents to alleviate or minimize the carcinogenic process [6] . Most of the extracts from plants are known to exert their effect by antioxidant mechanisms either quenching ROS, inhibiting lipid peroxidation or stimulating cellular antioxidant defenses [7] .
A higher antioxidant capacity has been reported in blueberry that can neutralize free radicals which cause neurodegenerative disease, cardiovascular disease, and cancer [8, 9] . Further, blueberry is a particularly nutritious fruit that provides benefits for a wide variety of conditions. Many studies have proven that the consumption of blueberry shows protective effects in relation to many diseases, such as reduction of coronary heart disease, treatment of urinary tract disorders, retarding brain aging and anticarcinogenic activity [10] . In addition, blueberry intake has shown improved digestion, reduction of colon inflammation and promotion of urinary tract health [11] . Genus Vaccinium is known to possess anti-diabetic activity and has been used in traditional medicine, especially for the secondary complications of diabetes [12] . The aims of this study were to obtain water soluble compounds from blueberry by food grade digestion enzymes and to evaluate their protective effect against H2O2-induced damage in Chinese hamster lung fibroblast (V79-4) cell line. 
Materials and Methods

Materials
Blueberry was collected from a farm of Jeju Nong San Co. Ltd. in Korea.
Carbohydrases such as Viscozyme L (ability to liberate bound materials and to degrade non-starch polysaccharides), Celluclast 1.5 L FG (catalyzes the breakdown of cellulose into glucose, cellobiose and higher glucose polymers), AMG 300 L (hydrolyzes 1,4-and 1,6-α-linkages in liquefied starch), Termamyl 120 L (hydrolyses 1,4-α-glucosidic linkages in amylose and amylopectin), Ultraflo L (breakdown of β-glucans, pentosans and other gums) and proteases such as Protamex (production of non-bitter protein hydrolysis), Kojizyme 500 MG (amino and carboxy peptidase activities), Neutrase 0.8 L (endopeptidase activities), Flavourzyme 500 MG (endoprotease and exopeptidase activities), Alcalase 2.4 L (endopeptidase activity) were purchased from Novo Co. (Novozyme Nordisk, Bagsvaed, Denmark). Optimum hydrolysis conditions and characteristics of the enzymes were described in Table 1 . Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum (FBS) were purchased from Gibco BRL, (Paisley, UK). All other chemicals used were in analytical grade.
Enzymatic hydrolysis
The method described by Heo et al. [13] was used with slight modifications to prepare the enzymatic hydrolysates from blueberry. One gram of ground blueberry was mixed with 100 mL of distilled water and then 100 μL (or 100 mg) of enzyme was mixed. Then, the relevant pH (using 1M HCl/ 1M NaOH) and temperature were adjusted to optimize the digestion process in each sample. Hydrolysis was performed for 12 h to reach the optimum degree of hydrolysis. Later, the samples were kept in a boiling water bath (100℃) for 10 min to inactivate the enzymes. Enzymatic hydrolysates were obtained after filtering via vacuum filtration and adjusted to pH 7.
Measurement of yield
Yields of the hydrolysates were calculated by dry weight of digested filtrate over dry weight of the blueberry used.
Determination of total phenolic content
Total phenolic content was determined according to the method described by Chandler and Dodds [14] with slight modifications. One millilitre of blueberry hydrolysate was mixed in a tube containing 1 mL of 95% ethanol (v/v), 5 mL of distilled water and 0.5 mL of 50% Foiln-Ciocalteu reagent (v/v). The resultant mixture was allowed to react for 5 min and 1 mL of 5% Na2CO3 (w/v) was added. It was mixed thoroughly and placed in the dark for 1 h and absorbance was recorded at 725 nm wave length via UV-VIS spectrophotometer. A gallic acid standard curve was obtained for the calculation of phenolic content.
Cell culture and sample treatment
Chinese hamster lung fibroblast cell line (V79-4) was cultured in DMEM containing 10% fetal bovine serum, streptomycin (100 μg/mL) and penicillin (100 unit/mL) at 37℃ under a humidified atmosphere of 5% CO2 in air. Adherent cells were detached by scraping and then placed on a 96-well plate and used for experiment at 70-80% confluence. In a pilot investigation, cells were treated with H2O2 at concentrations ranging from 0.5 to 1 mM and then examined for cell viability. Accordingly, 1.0 mM H2O2 concentration was selected for this study.
Cell viability assay
The cell viability was estimated by MTT assay, which is a test of normal metabolic status of cells based on the assessment of mitochondrial activities [15] . V79-4 cells were seeded in a 96-well plate at a concentration of 1.0×10 5 cells/mL. After 16 h, the cells were treated with different concentrations of hydrolysates and incubated at 37℃ for 1 h. Then, 1 mM of H2O2 was added as final concentration and incubated for another 24 h at 37℃. Thereafter, a 50 μL of MTT stock solution (2 mg/mL) was added and incubated for 4 h. Then, the plate was centrifuged at 2,000 rpm for 5 min and the supernatants were aspirated. The formazan crystals in each well were dissolved in 150 mL of DMSO and absorbance was measured by ELISA reader (Tecan Co., Salzburg, Austria) at 540 nm wavelength. The optical density of the formazan formed in the control cells was taken as 100%.
ROS determination assay
The oxidation-sensitive dye DCFH-DA was used to determine the formation of intracellular ROS [16] . V79-4 cells were seeded in a 96-well plate at a concentration of 1.0×10 5 cells/mL. After 16 h, the cells were treated with different concentrations of hydrolysates and incubated at 37℃ for 30 min. Then, 1 mM H2O2 was added as final concentration and the cells were incubated for an additional 30 min at 37℃. After that, 5 mg/mL DCFH-DA was added to the cells and detected at an excitation wavelength of 485 nm and an emission wavelength of 535 nm using a Perking-Elmer LS-5B spectrofluorometer.
Lipid peroxidation inhibitory assay
The lipid peroxidation was evaluated by measuring malondialdehyde by the method described by Ohkawa et al. [17] . V79-4 cells were seeded in a culture dish at a concentration of 1.0×10 5 cells/mL and incubated at 37℃. After 16 h, cells were treated with different concentrations of hydrolysates (50 and 100 mg/mL). One hour later, 1 mM of H2O2 was added and cells were incubated for an additional hour. The cells were then harvested and washed with PBS and homogenized in ice-cold 1.15% (w/v) KCl. A 100 µL of the cell lysate was combined with 0.2 mL of 8.1% (w/v) sodium dodecylsulfate (SDS), 1.5 mL of 20% (v/v) acetic acid (pH 3.5), and 1.5 mL of 0.8% thiobarbituric acid (w/v). The mixture was brought to a final volume of 4.0 mL with distilled water, and heated at 95℃ for 2 h. After cooling to room temperature, 5.0 mL of a mixture of n-butanol and phyridine (15:1 v/v) was added and mixed thoroughly. After centrifugation at 1,500 rpm for 10 min, the supernatant was separated and the absorbance was measured at 532 nm wave length. hydrolysates for 30 min at 37℃ and treated with 50 μM H2O2 for 5 min on ice (III). After each treatment, the cell suspension was centrifuged at 1500 rpm for 5 min, and washed with PBS. Then, alkaline comet assay was conducted as described by Singh et al. [18] with slight modifications. The cell suspensions prepared in the previous steps were mixed with 100 μL of 0.7% (w/v) low melting agarose (LMA), and added to the slides precoated with 1.0% (w/v) normal melting agarose. After solidification of the agarose, slides were covered with another 100 μL of 0.7% (w/v) LMA, and then immersed in lysis buffer (2.5 M NaCl, 500 mM EDTA, 1 M Tris buffer, 1% (v/v) sodium laurylasarcosine, and 1% (v/v) Triton X-100) for 90 min. Later, the slides were transferred into an unwinding buffer for another 20 min for DNA unwinding. The slides were then placed in an electrophoresis tank containing 300 mM NaOH and 1 mM Na2EDTA (pH 13.0). For electrophoresis of the DNA, an electric current of 25 V/300 mA was applied for 20 min. After that the slides were washed two times with a neutralizing buffer (0.4 M Tris, pH 7.5) for 10 min, and treated with ethanol for another 5 min before staining with 40 μL of ethidium bromide (20 μ L/mL). Measurements were made by image analysis (Komet, Andor Technology, Belfast, U.K) and fluorescence microscope (LEICA DMLB, Wetzar, Germany), determining the percentage of fluorescence in the tail (tail intensity, TI; 50 cells from each of two replicate slides).
Determination of DNA damage by Comet assay
Microscopic observation of cellular morphology by nuclear staining with Hoechst 33342
The nuclear morphology of the cells was evaluated using a cell-permeable DNA dye, Hoechst 33342. The cells with homogeneously stained nuclei were considered viable, whereas the presence of chromatin condensation and/or fragmentation was the indication of apoptosis [19] . Vero cells were seeded in a 96-well plate at a concentration of 1.0×10 5 cells /mL. After 16 h, the cells were treated with the hydrolysates at 100 mg/mL concentration and incubated at 37℃. Two hours later, 1 mM H2O2 was added and cells were incubated at 37℃. After 24 h, 1.5 μL of (stock 10 mg/mL) Hoechst 33342 dye was added to each well and incubated at 37℃ for 10 min. Then, stained cells were observed under a fluorescence microscope equipped with a CoolSNAP-Pro colour digital camera.
Statistical analysis
All experiments were conducted in triplicate (n = 3) and one-way ANOVA test (SPSS 11.5 statistical software) was used to compare the mean values of each treatment. Significant differences were determined using the Duncan's test. * P < 0.05 was considered to be significant.
Results
Total phenolic content and the yield
The yield content due to hydrolysis by carbohydrases and proteases was more than 40% in each hydrolysate (Fig. 1) . Total phenolic content (TPC) was ranged between 500.6 and 684.7 mg/100 g while Alcalase hydrolysate showed the highest TPC (684.7 mg/100 g).
Hydrolysates from blueberry protected V79-4 cells against H2O2-induced cytotoxicity
The viability of the cells treated with various hydrolysates was compared with that of the cells treated only with vehicle control (NC: negative control) and all hydrolysates showed more than 90% cell viability at the tested concentration, revealing no significant difference (P < 0.05) of cytotoxicity between treatment and vehicle control (data not shown). The reduction of cell viability was measured after induction with 1 mM H2O2 by MTT assay and showed that the survival rate was reduced to 40.2% in the cells treated only with H2O2 for 24 h (Fig. 2) . The pre-incubation of cells with hydrolysates showed more than 34% inhibitory effect against H2O2-induced cell damage at highest concentration. AMG (60.88%) and Alcalase (59.46%) hydrolysates showed the highest cell viability among carbohydrase and protease hydrolysates, respectively.
Effect of hydrolysates on intracellular accumulation of ROS
The scavenging effect of hydrolysates against intracellular ROS formation was studied using H2O2 as free radical generator. The DCF fluorescence was highly increased in the cells treated only with H2O2 showing significantly reduced (P < 0.05) ROS scavenging activity. However, cells pretreated with the hydrolysates decreased the fluorescence intensity in the cells in a dosedependent pattern and showed increased ROS scavenging activity. AMG and Alcalase hydrolysates showed the highest ROS inhibitory activities compared to those of other hydrolysates tested (Fig. 3) and the data were presented as % of positive control. Considering the results obtained for cell viability and ROS formation inhibition, AMG and Alcalase hydrolysates were selected for further antioxidant assays.
Inhibitory effect of hydrolysates against lipid peroxidation caused by H2O2
Inhibitory effect of the hydrolysates against oxidative cell damage caused by H2O2 was evaluated by lipid peroxidation assay (Fig. 4) Effect of hydrolysates from blueberry on apoptosis. The nuclear morphology of the cells was evaluated using a cell-permeable DNA dye, Hoechst 33342. A: Negative control, B: H2O2 treated sample (positive control), C: 1 mM H2O2+100 µg/mL of Alcalase hydrolysate, D: 1 mM H2O2+100 µg/mL of AMG hydrolysate increased (P < 0.05) the thiobarbituric acid reactive substances (TBARS) compared to that of the negative control. However, the cells pretreated with hydrolysates decreased the TBARS formation in a dose-dependent pattern. AMG and Alcalase hydrolysates showed 54.9% and 57% inhibitory activities at 100 μg/mL, respectively.
DNA damage inhibitory activity of hydrolysates
Comet assay was used to assess whether hydrolysates protect H2O2-induced DNA damage in V79-4 cells. AMG hydrolysate showed 73.64% inhibitory effect against cell damage while Alcalase hydrolysate showed 71.21% inhibitory effect at 100 μ g/mL (Fig. 5) . Furthermore, fluorescence intensity in the tail of the positive control was increased due to damage caused by H2O2 induction while decreased fluorescence intensity was observed in the cells pre-treated with hydrolysates. Photomicrographs of different DNA migration profiles obtained from V79-4 cells treated with different concentrations of AMG hydrolysates were shown in Fig. 6 . Results showed significant increase in DNA strand breaks after treatment of H2O2 and were indicated by elongated tail in comet image in the cells treated only with H2O2 compared to that of the negative control cells. However, pretreatment of cells with AMG hydrolysates decreased the damage in a concentration-dependent manner and could be observed as a reduced tail. Therefore, H2O2-induced DNA damage was successfully overcome /repaired by the active compounds present in blueberry enzymatic hydrolysates.
Effect of hydrolysates on apoptotic body formation
To evaluate the morphological changes of H2O2-induced V79-4 cells, the nuclei were stained with Hoechst 33342 and observed by microscope. The microscopic pictures (Fig. 7A-D) showed that the control cells had intact nuclei, while the H2O2 treated cells showed significant nuclear fragmentation, which was an indication of apoptosis ( indicated by arrows). However, when the cells were pre-treated with the hydrolysates for 2 h prior to H2O2 treatment, a decrease in nuclear fragmentation was observed.
Discussion
Phenolic compounds that are known to possess high antioxidative activity are common phytochemicals in fruits and leafy vegetables. Previous studies have shown that there was a direct relationship between antioxidant activity and phenolic compounds in herbs, vegetables and fruits. The predominant flavonoids found in blueberry are anthocyanins and flavanols. Anthocynins can exist as diglycosides or acylated forms. Ellagitanins are also present in blueberry as a major pytochemical that can be metabolized into ellagic acid. In this study, we evaluated total phenolic content as gallic acid equivalents using Folin-Ciocalteu method. Those phytochemicals possess some beneficial health effects on oxidative damage, detoxification enzymes, and the immune system while they appear to have a synergistic effect on vitamin C and other flavonoids [20] . Polysaccharide and small protein molecules may also be included in the enzymatic hydrolysates revealing their activities due to synergetic effect of all those constituents including phenolic compounds. Many researchers have worked on anticancer activities of blueberry [21, 22] . However, just a few studies have reported antioxidant activity [23] . Besides, no study about the enzymatic hydrolysis of blueberry has been reported so far. In this study, we are the first reporting intracellular antioxidant effect of the hydrolysates from blueberry with V79-4 cells.
Hydrogen peroxide is a representative ROS that is produced during the redox process and is believed to play a role as a messenger in intracellular signaling cascades [24] . Though, H2O2 is not a reactive molecule yet it forms highly reactive hydroxyl radicals by the Fenton reaction [25] , and those radicals react rapidly with almost every cellular macromolecule including DNA, lipids and proteins by producing functional and structural alterations in those biomolecules.
Previous studies indicate that cells treated with H2O2 cause a marked decrease in cell survival, elevation of oxidative stress characterized by malondialdehyde (MDA) production and LDH release, and reduction in SOD, CAT and GSH-Px activities. Further, H2O2 exposure causes a rising Ca 2+ concentration in the cytoplasm [26] . Different processes of degradation, such as ROS formation [27] and activation of several hydrolytic enzymes are initiated by elevated level of Ca 2+ [28] . In addition, caspase-3 can be activated by H2O2 and disrupts the intracellular homeostasis of Ca 2+ [29] . Therefore, the addition of H2O2 into the cells may lead critical DNA damage. However, antioxidant compounds have been shown potentiality to scavenge H2O2 and the structural requirements of the antioxidant compounds for efficient quenching of hydrogen peroxide are rather more complicated than those established for radical scavenging activities [30] . The cytotoxicity of hydrolysates from blueberry reveals that it possesses a clear concentration range in which toxic effects are not observed at the concentrations tested (data not shown). The results showed that pre-treatment with hydrolysates protected cells from the oxidative damage caused by H2O2 as observed in the increased cell survival. Accumulation of intracellular ROS can be detected by DCFH-DA, which is a permeable dye through cell membrane. The DCFH-DA is hydrolyzed to DCF by the esterase activity that can be trapped intracellularly. DCF is then able to interact with peroxides and forms the fluorescent 2', 7'-dichlorofluorescien, which is readily detected by spectroflurometer. In this study, it was found that H2O2-induced intracellular accumulation of ROS was attenuated by pretreatment with hydrolysates. In this study, hydrolysates from blueberry significantly decreased intracellular ROS generation, revealing that the protective effect is associated with the scavenging of intracellular ROS by the hydrolysates.
Antioxidants interrupt lipid (and protein) oxidation, either in the propagation phase (chain-breaking mechanism) or by protecting the oxidation substrates against the first radicals formed in the initiation phase. In the biological system, a number of degradation products such as malondialdehyde (MDA) are generated and found to be an important cause of cell membrane destruction and cell damage [31] . Hydrogen peroxide is potentially cytotoxic and generates hydroxyl radicals by the reaction between H2O2 and transition metal ions such as Fe 2+ and Cu 2+ in biological systems [32] . These hydroxyl radicals can react with a number of target molecules including proteins, membrane lipids and DNA. Moreover, oxidation of lipids induced by the hydroxyl radicals can generate end-products, such as MDA and unsaturated aldehydes, that can bind to DNA to generate mutagenic adducts [33] . From the result, it is thought that the hydrolysates from blueberry display a significant protective capability against H2O2-induced cell damage. The comet assay has been described as a sensitive, rapid and inexpensive screening test for evaluating DNA damage caused by ROS [34] . DNA, which is the genetic material in the cells that controls cellular functions, can be damaged as a result of several factors such as ROS, smoke, heat, toxic chemicals and ultraviolet light. The sequence of the DNA base pair can be changed and led errors/disorders in replicating DNA if the damage cannot be repaired by the existing DNA repair mechanisms. The DNA damage of cultured V79-4 cells was induced by H2O2 and the ability of hydrolysates to inhibit the damage was extrapolated by the fluorescence intensity of the tail extent movement. Wilms et al. [35] reported that the intake of blueberry juice has a significant dose-dependent protection against oxidative DNA damage. Further, irreparable DNA damage is induced in carcinogenesis, aging and many other degenerative diseases [36] . Therefore, it is thought that the hydrolysates from blueberry which inhibit oxidative DNA damage can exert preventive action on cancer development.
ROS such as H2O2 and hydroxyl radicals readily damage biological molecules including DNA and protein which can eventually lead to apoptic or necrotic cell death [37] . Therefore, removal of excess ROS or suppression of their generation by antioxidants may be effective in preventing oxidative cell death. In this assay, only nuclear morphological changes were evaluated using Hoechst 33342 dye specifically staining DNA and observed through a fluorescence microscope. This method is widely used to detect nuclear shrinkage, chromatin condensation, nuclear fragmentation, and the appearance of apoptotic bodies which are considered as indications of apoptosis [38] . Hence, this method is known as a semi-quantitative method as the morphological changes are not quantified via any digital image analysis method in this assay. ROS initiate apoptosis by stimulating plasma membrane death receptors, but ROS, particularly H2O2 are also produced as a consequence of activation of these receptors by their ligands, and these latter ROS are also believed to participate in the apoptotic body formation process. Despite considerable progress in the understanding of the mechanistic basis of apoptosis, morphological analysis remains unquestionably the "gold standard" for its assessment and quantitation [39] .
In conclusion, high amount of yield and water soluble phenolic compounds are resulted in the digestion process by food grade enzymes. The results from in vitro experiments demonstrated that the phytochemicals in enzymatic hydrolysates from blueberry have significant effect on H2O2-induced cell damage. Under the described experimental conditions, the hydrolysates from blueberry showed protective effect against cytotoxicity, lipid peroxidation, DNA damage, and apoptotic body formation induced by H2O2. Further studies are needed to isolate and characterize the active compounds available in blueberry hydrolysates.
